Studies were conducted in two commercial cucumber greenhouses to examine thrips' seasonal and spatial patterns on Cheju Island, Korea, in 1996. Leaf and flower samples were taken to determine the thrips species and stage complexes inhabiting cucumber plants. Adult thrips (54-55%) were the most dominant stage on flowers and the majority of adult species was Frankliniella occidentalis (Pergande), whereas immature (82-84%) was the dominant stage on leaves. To determine the spatial distribution patterns of thrips, at least 63 leaf samples which were regularly spaced within a greenhouse were visually inspected from among the 1st, the 7th and the 15th leaves assigned from the top plant canopy. The leaf positions were located at 1.8, 1.0 and 0.3 m above ground level, respectively. Taylor's power law indicated that the counts of thrips on leaves were aggregated, regardless of thrips stage and leaf position. Autocorrelation analysis, which is based on the relative position of samples revealed the different spatial distribution patterns among the leaf positions. In general, the counts of thrips were nonrandomly distributed on the 7th leaf position, whereas the counts were randomly distributed on the 1st and 15th leaf positions. Correlograms suggested the presence of single or multiple gradients within the sample portion of the greenhouse, depending on thrips stage. Our results suggest that Taylor's power law cannot detect the spatial relationship in data sets accurately, and testing correlograms for significance is more accurate for describing the spatial distribution patterns of thrips.
INTRODUCTION
All organisms are discrete entities that mainly interact with neighboring individuals of their own or other species (Tilman et al., 1997) . The importance of spatial heterogeneity comes from its central role in ecological theories and its practical role in population sampling theory and in the development of rational pest management strategies (Legendre and Fortin, 1989) . For these reasons, a great deal of effort has been invested in characterizing spatial patterns of insect densities (Liebhold et al., 1991) . Traditionally, patterns of spatial dispersion in insects have been described using dispersion indices such as Taylor's power law (Taylor, 1961) and Iwao patchiness regression (Iwao, 1968) . However, these indices focus on among sample count variance and ignore the spatial location of the samples (Liebhold et al., 1991) . This property produces certain undesirable effects: the indices sometimes fail to differentiate among different spatial patterns (Midgarden et al., 1993) .
Unlike dispersion indices, geostatistical methods use the information contained in the location of individual values in a data set to describe and model the spatial relationship of these values. The spatial autocorrelation is a geostatistical method widely used to explain biological phenomena. The autocorrelation coefficient for each set of data values whose locations are separated by a common distance are plotted against that distance and the spatial relationship of data can be observed (Legendre, 1993) .
Recently introduced thrips species, Frankliniella occidentalis (Pergande) and Thrips palmi Karny, have become serious pests in greenhouse cucum-bers in Korea (Cho et al., 1998) . These thrips species can cause direct damage to cucumber flowers and fruits and the resulting fruits are malformed or scarred (Rosenheim et al., 1990; Higgins, 1992) . Direct larval feeding of leaves can also profoundly reduce cucumber production (Steiner, 1990) . A primary control strategy for thrips is the application of insecticides and the use of crop sanitation as a preventive measure because no effective biological control agents are currently available in Korea. However, these thrips species are difficult pests to manage because few effective and registered pesticides are available for control in Korea (Cho et al., 1999) .
An understanding of the spatial distribution patterns and crop colonizing trends of phytophagous thrips is expected to provide important information that could be used in the design of sampling schemes and an integrated pest management (IPM) system for thrips in cucumber greenhouses. The aim of the current study is to determine the species composition and seasonal abundance of thrips colonizing cucumbers in Korea, and to analyze the spatial relationship of F. occidentalis on cucumber plants by dispersion index and geostatistical methods.
MATERIALS AND METHODS
Thrips populations were monitored in two commercial cucumber greenhouses (GA and GB) located near Cheju City (33°30Ј, 126°30Ј) on Cheju Island, Korea, from May to July of 1996. Threeweek-old greenhouse-grown 'Mannungchungjung' cucumber plants were transplanted on 5 March in each greenhouse. Greenhouses were separated from each other by a distance of 11 km. Both greenhouses measured 24 by 45 m and were surrounded by potato fields.
All greenhouses were managed with standard recommended production practices, including the use of fertilizers and pesticides. Pesticides were used to suppress and prevent insect pests and plant diseases, at the grower's discretion. Surveyed greenhouses consisted of 12-15 beds on Ϸ0.8 m centers and plants were grown using the modified vertical cordon training system (Cho et al., 1998) . Horizontal support wires were positioned directly over the row of plants, at a height of 1.8-2.0 m. Initially each plant was trained vertically along and around the support plastic twine and fastened with plastic snap-on clips. As the plant reached the top supporting wire, the grower removed the clips and released the reserved twine, leaving the plant Ϸ0.3 m closer to the ground, with its lower section lying on the ground. Therefore, the youngest leaf always occurred at the top canopy.
Plant samples. Plant parts were sampled to obtain the thrips species compositions that occurred on the cucumbers. Cucumber flower and leaf samples were taken weekly or biweekly from the middle stratum (1.2 m above ground level) of the plant using the same methods described by Higgins (1992) . The sample size for each plant part should be limited, because sampling is destructive (potential fruits and carbon assimilation sources are removed). For flower samples, 3-5 vials, each containing two flowers, were collected for each sampling date and greenhouse. For leaf samples, 3-4 samples were collected and processed using a washing method (Higgins, 1992) .
Adult thrips species from the flower and leaf samples were identified to species level with the aid of a dissecting microscope. Because no keys were available for identifying immature thrips to the species level, all immatures were combined into a single group. Statistical analysis of thrips abundance in each plant part was not performed because sample size varied among the samples. The results reported here show the total numbers of adult thrips species and immatures for each greenhouse.
Visual estimates. Cucumber leaves were visually inspected weekly to obtain the seasonal and spatial changes in thrips population density. For seasonal abundance of thrips, at least 30 plants were selected in a random manner and the numbers of adult and immature thrips from the1st, the 7th and the 15th leaves from the upper canopy level were counted. Each leaf position was located Ϸ1.8, Ϸ1.0 and Ϸ0.3 m above ground level, respectively. The 1st was a newly expanded leaf behind the growing tip, and the 7th and 15th were fully matured non-senesced leaves. The choice of leaf categories reflects both the leaf age and vertical canopy height. The 1st and the 15th positions represented the youngest and the oldest leaves, respectively.
For analysis of the spatial distribution patterns of thrips, an approximate quadrat of permanent sampling stations was established for each greenhouse.
The sampling array for each greenhouse consisted of 72 visual estimates, laid out in a 8ϫ9 quadrat pattern. Each quadrat covered Ϸ15 m 2 and contained Ϸ50 plants. One cucumber plant located at the center of the quadrat was selected and the numbers of adult and immature thrips were counted for each leaf position and sampling date. Distance between the plant stations was Ϸ3 m in a down-row and Ϸ5 m in a cross-row. Houses GA and GB were surveyed 7 and 6 times, respectively, throughout the growing season for the analysis of spatial patterns of thrips.
Identification of the thrips to species level was not attempted because it is not feasible to identify thrips to the species level in the field without the aid of a dissecting microscope.
Spatial analysis Dispersion index. Taylor (1961) showed that variance is related to mean density such that log s 2 ϭlog aϩb log x, where the slope (b) is a measure of aggregation. The mean densities (x) of adult and immature thrips per leaf position and the variances (s 2 ) were calculated for each greenhouse. The general linear regression model procedure (PROC GLM) of SAS (SAS Institute, 1992) was used to estimate the regression parameters. Homogeneity of equality of slopes from the Taylor regression for counts of adult and immature thrips among different plant positions was tested with an analysis of covariance (ANCOVA) (Sokal and Rohlf, 1995) .
Geostatistical analysis. The Moran's I index, which is a common measure of spatial autocorrelation statistic (Cliff and Ord, 1981) , is used for spatial analysis. This index, scaled between ϩ1 and Ϫ1, incorporates the similarity among values with the similarity among location or distance (Midgarden et al., 1993) . Moran's I is calculated from values separated by a given lag distance (h) using the formula:
where n is the number of samples; C ij ϭ1 if the two samples are separated by lag distance h and C ij ϭ0 if they are not separated. The z i and z j are values of a variable at location i and location j, respectively. In this study, observations refer to the numbers of adult or immature thrips at a given sampling station and date.
A positive Moran's I indicates that values separated by a given lag distance tend to be similar (positive spatial autocorrelation), whereas a negative Moran's I indicates that values tend to be dissimilar (negative spatial autocorrelation) when separated by that distance. The expected value of I in the absence of significant spatial autocorrelation is around 0 (Cliff and Ord, 1981) . For a correlogram, plots of autocorrelation coefficients as a function of distance classes, to be globally significant, at least one value of I has to be significant at an alpha level of 0.05/k, where k represents the number of distance classes considered, according to Bonferroni's method of correcting for multiple tests (Legendre and Fortin, 1989) . Once this is established, individual values of I can be declared significant at the 0.05 level.
Spatial autocorrelation statistics were estimated using the software of SAAP (spatial autocorrelation analysis program) (Wartenberg, 1989) . Seven equal distance classes of 6.5 m with mutually exclusive intervals were established. The boundaries of these intervals were chosen in such a way that the largest distance class will include a minimum of 100 pair points to allow the calculation of I for each successive distance class from a sufficient number of point pairs.
RESULTS

Thrips species compositions on cucumber flowers and leaves
There were profoundly different thrips stage compositions between the plant parts (Table 1) . A higher proportion of adults to total number of thrips was collected from the flower than from the leaf samples in both greenhouses. The range of adult proportions was 54.3-55.3% on flowers, whereas it was 15.4-17.8% on leaves. The opposite was true for immature thrips.
F. occidentalis was the most abundant adult thrips species, regardless of greenhouse and plant part sampled (Table 2) . This species consisted of at least 83.3% of the total adult thrips collected from flowers and leaves. Most of the remaining adults were Thrips tabaci Lindeman, which were only collected from cucumber leaves. T. palmi, Frankliniella intonsa (Trybon) and Thrips nigropilosis Uzel accounted for Ͻ2.2% of the total thrips collected ( Table 2) .
Visual estimate of thrips
Significantly higher numbers of adult and immature thrips were observed from the 7th leaf position compared to the 1st and 15th leaf positions in all greenhouses (pϽ0.05). The seasonal trends from the 7th leaf position are only presented (Fig. 1) because the changes of thrips populations were comparable among the leaf positions in each greenhouse. Immatures outnumbered adult thrips throughout the growing season and were responsible for most of the population changes on cucumber plants for both greenhouses. The numbers of adult thrips remained relatively constant with low densities.
Spatial analysis
Dispersion index. All b values of Taylor's power law were Ͼ1, indicating aggregated distribution regardless of thrips stage, leaf position and greenhouse surveyed (Table 3) . A comparison of b values for adult and immature thrips from each leaf position showed that these values did not differ significantly between the thrips stages (pϾ0.05). AN-COVA revealed that none of the b values from dif-ferent leaf positions differed significantly at either of the greenhouses (pϾ0.10), indicating that each thrips stage had a similar mean-to-variance rela-28 K. Cho et al. tionship within cucumber plants. Further AN-COVA comparing the b values from two greenhouses showed no significant differences (pϾ0.10).
Geostatistical analysis. Spatial autocorrelation analysis showed that few spatial relations (Bonferroni's approximation at alpha level of 0.05) of adults and immatures were found from the 1st and the 15th leaf positions (Table 4 ), despite the fact that their b values from Taylor's power law implied an aggregated spatial distribution (Table 3) . However, higher spatial relations for adults and immatures were observed from the 7th leaf position compared to other positions with the exception of immature populations on the 15th leaf position Analysis of Spatial Pattern of Thrips on Cucumbers 29 Correlograms as a whole were tested for deviation from a null hypothesis of no spatial relation using Bonferroni's approximation (Legendre and Fortin, 1989) .
from house GB. Only correlograms from the 7th leaf position in each greenhouse were illustrated to compare the spatial distribution patterns between thrips stages (Fig. 2) , because most spatial relations of thrips count data were found at this leaf position (Table  4 ). In nearly all cases, Moran's I was positive and significant at the first lag distance for all thrips stages in both greenhouses. Moran's I values between the second and the third lag distances were generally negatively autocorrelated and returned to positive values at the fourth lag distance. A similar trend was observed beyond the fourth lag distance except for immature populations in house GB.
DISCUSSION
F. occidentalis, one of the most problematic pests in greenhouses, had the most thrips species on cucumber flowers and leaves for both greenhouses (Table 2) . F. occidentalis is of particular concern in cucumber greenhouses because this species is the vector of tomato spotted wilt virus (Lewis, 1973) and is insecticide resistant (Immaraju et al., 1992) . Adult F. occidentalis primarily inhabit cucumber flowers and are responsible for the majority of cucumber fruit damage (Childers, 1997) . Most immatures found in flowers probably moved from nearby leaves to gain access to cucumber floral nectar because most of their eggs were laid on leaves (Higgins, 1992) . This explains why a relatively low proportion (44.7-45.7%) of immatures was found on flowers, compared to the proportion (82.2-84.6%) on leaves (Table 1) .
The immature populations from the 7th leaf mostly determined population changes of thrips in all cucumber greenhouses (Fig. 1) . It was also true for adult thrips that higher numbers were found on the matured cucumber leaves (e.g., the 7th and the 15th leaves). Steiner (1990) reported similar results that adults and immatures of F. occidentalis favored the older cucumber leaves over the younger leaves. However, Kawai (1990) reported that adults of T. palmi on cucumber plants are usually found on the upper canopy (younger cucumber leaves), while immatures are on the lower canopy (older cucumber leaves). These leaf preference differences between thrips species and stage cannot be explained in this study and additional studies are necessary to elucidate these phenomena.
Values for aggregation coefficient b of Taylor's power law suggest that the distribution patterns of the counts of thrips on cucumber plants are aggregated and consistent among leaf position and thrips stage according to ANCOVA (Table 3) more, these b values were not different among the greenhouses surveyed. Steiner (1990) demonstrated a similar finding that F. occidentalis was aggregated on cucumber plants, regardless of the leaf age and thrips life stage. These indicate the sample values from the different leaf positions and thrips stages have the same effect on Taylor's power law (Table 3) .
The spatial patterns of thrips on cucumber plants are different and were reflected in distinctively different correlograms (Fig. 2 and Table 4 ). It could be clearly seen that different correlograms were generated from the population, which had similar values of dispersion index (Fig. 2) . The majority of globally significant correlograms was detected on thrips count data from the 7th leaf position and ranged from 67 to 100% of data sets from houses GA and GB, respectively. This suggests that Taylor's power law does not detect the spatial relation in data sets and testing correlograms for significance is more accurate for describing the spatial distribution patterns of thrips.
The correlograms of houses GA and GB from the 7th leaf position reflect a multiple gradient spatial pattern of thrips with the exception of immatures from house GB, which shows a single gradient pattern (Fig. 2) . Values of Moran's I varying from significant positive to negative values suggest a repeated spatial structure in the form of a multiple gradient pattern (Houle, 1998) . That correlograms decreased gradually as the lag distance increased indicates a single gradient spatial pattern (Legendre and Fortin, 1989) . Regardless of spatial structures, the sample values tended to be similar to each other at the first lag distance (positive spatial autocorrelations) (Fig. 2) . Correlograms with significant positive values of I at small distance classes are a common biological phenomenon (Nestel and Klein, 1995; Houle, 1998) .
The dispersion pattern of thrips identified in this study poses important issues for the development of an effective thrips IPM program. The importance of spatial heterogeneity comes from its practical role in the population sampling procedure and its central role in understanding the predator-prey relationship (Bierzychudek, 1988; Legendre and Fortin, 1989 ). Taylor's power law has been utilized for the development of thrips sampling plans on various crops (Steiner, 1990; Cho et al., 1999) using Green's (1970) method. Taylor's power law should be calculated under the assumption that individual sample values are spatially independent (Midgarden et al., 1993 ) because Taylor's power law did not account for the relative position of sample values within data sets. Therefore, samples should be independent of each other to avoid biased estimates of mean densities in the sampling plans based on the coefficients of Taylor's power law. According to Bonferroni's approximation, at least 67% of total sample-weeks from the 7th leaf position had displayed spatial dependency (Table  4 ). Because the most spatial relations were observed at the first lag, the leaf samples should be Ϸ6.5 m apart to obtain samples that are less likely to be positively autocorrelated in cucumber greenhouses when the objective is to estimate field means (Fig. 2) . Subsequently, according to the resampling simulations (Naranjo and Hutchison, 1997) , the nature of spatial relation of the samples affects the performance of the sampling plans in a profound way for adult Trialeurodes vaporariorum (Westwood) on yellow sticky traps in cherry tomato greenhouses (Cho, unpublished data) .
Because the highest numbers of thrips were observed on the middle stratum of cucumber plants (Fig. 1) , control measures, including biological control, are subject to target the 7th leaf position (i.e., 1.0 m height from ground level). Numerous arthropods, recognized as predators of phytophagous thrips, have proved their capacity to eliminate or suppress thrips populations in greenhouses and field crops of agricultural importance (Sabelis and Van Rijin, 1997) . Many of the experiments have only demonstrated the direct mortality factors of biological control agents against various thrips species. While spatial complexities of thrips and their biological control agents have been kept to a minimum in the biological control programs, they should not be ignored. Spatial analysis shows that the host distribution structures influence the percentage of hosts attacked by parasites, and rates of parasitism were spatially autocorrelated in the forest landscape (Roland and Taylor, 1997 ). An understanding of spatial distribution patterns of thrips would help to develop a thrips biological control program in greenhouses. A correlogram with significant positive values of Moran's I at small distance classes and nonsignificant values at larger classes suggests patchiness (Houle, 1998) . A biological control agent which has a smaller patch size compared to thrips species would not suppress thrips populations below the economic threshold level fast enough, if the number of introducing sites for the agent is not large enough to correspond to the patch sizes of thrips. Therefore, the correlogram study can be a good index for determining the numbers of introducing sites of biological control agents in a greenhouse.
